Abstract Although once popular prior to the last century, the aquaculture of crucian carp Carassius carassius (L. 1758) in Sweden gradually fell from favour. This is the first genetic comparison of crucian carp from historic man-made ponds in the Scandinavian Peninsula. The aim was to identify old populations without admixture and to compare the relationship of pond populations from different provinces in Sweden. In total, nine microsatellite loci from 234 individuals from 20 locations in varied parts of Sweden were analysed. The genetic distances of crucian carp populations indicated that the populations in the southernmost province of Sweden, Scania, shared a common history. A pond population in the province Småland also showed a common inheritance with this group. In the province Uppland, further north in Sweden, the population genetic distances suggested a much more complex history of crucian carp distributions in the ponds. The data showed that there are some ponds with potentially old populations without admixture, but also that several ponds might have been stocked with fish from many sources.
Introduction
The crucian carp Carassius carassius (L. 1758) is a member of the Cyprinidae family. It has a widespread distribution in northern parts of Eurasia from France and England in the west towards Kazakhstan and Siberia in the east. Due to extensive releases, feral populations exist in many places (Kottelat and Freyhof 2007) . While its popularity as food source has decreased in Sweden and most other western European countries, it is still an appreciated food item in Eastern European cuisine (Szczerbowski and Szczerbowski 2002) . Crucian carp is regarded as a native species in Sweden, widespread in lakes and in brackish waters along the Baltic Sea coast (Kullander 2012) . Furthermore, crucian carp was one of the most common fish used in aquaculture in Sweden. There are numerous reports about crucian carp aquaculture in Sweden until the early nineteenth century (Bonow and Svanberg 2011) . The pond keeping in Sweden dates back to the late Middle Ages. It was extensive during centuries, present at vicarages, manors and castles . Documents show that Carl Linnaeus was enticed by this type of aquaculture after visiting castles in the southernmost province of Sweden, Scania, and he therefore encouraged pond keeping in other regions of Sweden . The prime goal for Linnaeus was to obtain an additional source of food for the Swedish population that was on the rim of starvation. Even though some ponds still remain, this kind of aquaculture has in large been abandoned in Sweden.
In Sweden, crucian carp is found in high densities in small shallow water bodies, such as in historic eighteenth century ponds. Crucian carp have the extraordinary ability to survive under the ice in small ponds for up to several months in the absence of oxygen, enabling them to survive the harsh Swedish winters (Holopainen et al. 1997) . Due to this extraordinary ability to survive in such adverse conditions, one may surmise that crucian carp in old ponds may well be the same as the original stock.
Crucian carp can display different body morphologies, apart from displaying a wide colour range from golden/green to reddish/brown; it will also become more deep-bodied with relatively smaller head-size in lakes (Poléo et al. 1995) . The difference in morphology in the two habitats has previously led to the classification of crucian carp into different variants distinguishing between lake and pond fish (Holopainen et al. 1997) . Experimental research has pointed out biotic factors as the determinant factor of body morphology (e.g. Brönmark and Miner 1992; Domenici et al. 2008) . There is, however, no genetic comparison between fish from ponds and lakes that address this question.
In this study, microsatellites developed for gibel carp C. gibelio and goldfish C. auratus were used to investigate the relationship of population structure between fish from historic ponds, lakes and coastal waters in Sweden. These species are closely related to each other and appear as a sister group to crucian carp in phylogenetic analyses (Rylková et al. 2013) . The aim was primarily to identify ponds with old populations and secondly to compare pond populations within and between regions of Sweden. This information could give insights on where the fish in the ponds originate from and how they were distributed between estates. One additional aim was to compare pond fish with wild/feral fish. The impact of aquaculture of crucian carp on populations in lakes has never been investigated. The populations in lakes are potentially threatened by invasive species such as gibel carp that has recently been found in Swedish waters (Wouters et al. 2012) . Old populations from ponds could therefore serve as reservoirs for the original Swedish crucian carp to be used in future aquaculture, or restoration projects, instead of using recently imported stocks.
Materials and methods

Fish collection and study sites
Specimens from ponds were collected from the selected sampling sites by fish-traps using commercial bait for cyprinids. Typically, the traps were left overnight and harvested the following morning. Fish were anaesthetised with 2-phenoxy-ethanol before sampling. Fin clips were persevered in 95 % ethanol until DNA extraction. A total of 14 old ponds from six provinces were selected along with five wild populations from three provinces. We defined old ponds as being at least 100 years old. The sampling locations for pond fish were selected by examining the oldest historical maps where the pond first appear and confirming present-day existence with Google earth (Bonow and Svanberg 2011) , thus determining the earliest historical record of the pond. The historical record of the pond at Glimmingehus (SK5P) could not be defined by this method. This study was approved by the ethical committee of Animal Research (Huddinge City Court; dno. S97-10).
Genetic analysis
DNA extraction was performed as described previously (Wouters et al. 2012) . Seven primer pairs for microsatellites loci from gibel carp Carassius gibelio (Bloch 1782) YJ10, YJ20, YJ22 (Guo and Gui 2008) , J58, J60, J68 and J69 (Yue and Orban 2002) were used in this study. In addition, the primer pairs MFW7 (Crooijmans et al. 1997 ) and GF29 (Zheng et al. 1995) previously used on crucian carp (Hänfling et al. 2005) were also used. Primers were labelled with fluorescence marker 6-FAM or HEX, respectively. The PCR was programmed for one cycle of 2 min denaturing at 94°C, 40 cycles of 15 s at 94°C, 20 s annealing at variable temperatures and 30 s at 72°C, with a 10 min final extension at 72°C. The annealing temperature was 52°C for all primer pairs except for loci: MFW7 (55°C), J68 (50°C) and GF29 (45°C).
Allele size determination of PCR products was performed by Genescan analysis at Macrogen Inc. The length of the DNA fragments was analysed in Peak Scanner Software v1.0 (Applied Biosystems; www.appliedbiosystems.com). Fragment size was reduced by one base to compensate for Taq-polymerase-mediated addition of adenosine residues.
Data analysis
The microsatellite data were analysed for the presence of null alleles using MICRO-CHECKER (Van Oosterhout et al. 2004) . General F-statistics were calculated using the MSA software package (Dieringer and Schlötterer 2003) , and allelic richness was determined with HP-RARE (Kalinowski 2005) . Conversions of data formats used in different software were performed using PGD SPIDER (Lischer and Excoffier 2012) . The presence of outlier among the nine loci was tested with LOSITAN (Antao et al. 2008) . This software uses an F st -outlier method to detect candidate loci for directional, neutral or balancing selection.
To examine the relationship among population sites, Nei's genetic chord distances (Da) (Nei et al. 1983 ) and Cavalli-Sforza and Edwards' (1967) chord distances (Dc) were calculated from the allelic frequency data with the MSA program and used to generate a bootstrapped dataset with 1,000 replicates. The genetic trees were constructed using PHYLIP 3.63 (Felsenstein 2005) . Neighbour-joining trees were inferred using NEIGH-BOR, with 1,000 bootstrapped distances as input. The consensus tree of the 1,000 trees was produced in CONSENSE. The population from the Czech Republic was used as an outgroup as it has been shown by mitochondrial DNA analysis to be distinct from the Swedish populations (Wouters et al. 2012) .
In order to further evaluate distinctive populations, the program STRUCTURE was used. STRUCTURE uses a Markov chain Monte Carlo model independent of assumptions about mutation process within a Bayesian framework (Pritchard et al. 2000; Falush et al. Aquacult Int (2015) 23:359-368 361 2003). Hardy-Weinberg equilibrium and linkage equilibrium within each population is assumed in STRUCTURE. Population-assignment was tested by varying the number of groups (K) in independent runs of the algorithm, ranging from K = 1 to K = 21. The program then assigns individuals to one or more groups, with their relative frequency of predicted membership in colour-coded clusters. Burn-ins of 100,000 and 100,000 replicates were used, and the log-likelihood and bar-plot were recorded for each K, and 10-100 repeats at each K. The most likely value of K according to STRUCTURE was determined by plotting the number of K against the likelihood scores and reading the K value where the curve levels out. This was verified by determining the highest delta K value with STRUCTURE HARVESTER (Earl and vonHoldt 2012 ). The population structures were then simulated using the determined value of K and the default settings with an admixture model and linked allele frequencies. In the admixture model, both a fixed value and varied value of alpha were tested.
Results
From 246 individuals, DNA was successfully extracted and amplified using nine microsatellite primer pairs. General information along with allelic richness and likelihood of heterozygosity excess are summarised in Table 1 . The preponderance of allelic richness was found in the wild population U7W, but the pond populations SK3P and U1P scored a higher value than some of the wild populations. Private alleles were found in the populations U6W (YJ10; 153), U7W (J58; 143), Ö G1P (212; GF29) and SK3P (J68; 265). In the data set, the presence of null alleles was recorded with MICRO-CHECKER. The analysis indicated null alleles at locus J60 in some of the populations. Removing J60 from the analysis did not significantly alter the results. Moreover, it had the greatest number of alleles, which could be of interest when looking for differences between populations. The overall F-statistics of each locus showed that locus J60 had a much higher F is -value than the other loci (Table 2) . On the other hand, the outlier analysis performed with LOSITAN did not suggest that any of the loci were candidates for directional selection (data not shown). The neighbour-joining tree shown in Fig. 2 depicts the relationship between sampled population sites for crucian carp (as described in Table 1) , with the Czech Republic population as outgroup. The tree that was calculated from chord distances (Cavalli-Sforza and Edwards 1967) was similar in topology and resolution and is thus not shown. There were two clear cases where population genetic branch support and geographic proximity coincided. One was the samples from Scania and one location in Småland (S3P). The neighbour-joining trees showed these populations as a separate cluster with a bootstrap support of 74 % (Fig. 2) . In the second case, the populations from Ö 1P and the creek S2W were grouped with relatively high bootstrap support (69 %).
Two sampled populations from two different provinces (Ö G2P and U7W) were clustered with a high bootstrap support of 76 %. These localities were not close to each other (Fig. 1) . Other branches in the tree showed low bootstrap support, clustered in smaller groups without reflecting geographic proximity (Figs. 1, 2) . The populations U5P and G1P were clustered together with a low bootstrap value.
Using Bayesian analyses in the software STRUCTURE, the number of K was determined to 15, indicating that there were 15 distinct populations among the samples from Sweden. In Fig. 3 , the results for K = 15 are illustrated along with the amount each individual contributed to the clusters. The information indicated how homogeneous each individual was by one or several colours. Two populations with the same colour therefore indicate a close relationship. A uniform colour within one sampling site indicates that there has been no admixture event in that population. In the table are localities and regions specified along with the abbreviation that is used throughout the text. The type of habitat and establishment are specified and where applicable the official record for the year of establishment. Sample size (N), allelic richness (A), expected heterozygosity (H e ). The heterozygosity excess was not determined (N/D) for the outgroup population from the Czech Republic The pond population U1P had a great deal of admixture (Fig. 3 ). This population was comparable to wild populations from the same province U6W and U7W. The other four pond populations from this province were rather homogenous in genetic structure with smaller contributions from other clusters. The same was true for the two pond populations from Ö stergötland, Ö 1P and Ö 2P, although a few individuals indicated relationships with more than one cluster. On examination, the one pond population from Ö land showed a uniform structure with individuals belonging to one cluster. This cluster was also represented in two individuals from the wild population S2W. The other wild population from this province S1W had individuals that were related to clusters found in Uppland, but also from a cluster represented in S2W.
The pond populations with the most uniform individuals with a low probability of admixture were U5P from Bogesund in Uppland, G1P from Vall Bryungs on the island Gotland and Ö 1P from Ottenby on the island Ö land (Fig. 3) . The pond populations in U5P and G1P shared the same population cluster when alpha was set to vary between populations in STRUCTURE. Apart from that, there were no major changes in the other populations (data not shown). 
Discussion
This is the first analysis of the genetic population structure of crucian carp from Sweden, the aim being to discover whether historic ponds still hold populations of crucian carp, and secondly to study their genetic constitution, not only as a measure of relatedness between pond populations but also in comparison to wild populations. The sampling strategy was therefore not optimised for a rigorous and detailed analysis of the population genetics in each of these ponds and lakes.
The analysis of the population structure revealed that three pond populations, U5P, G1P and Ö 1P, comprised members that were closest to be completely without detectable admixture events. This indicates that they have been isolated from other populations for a long time period and presumably genetic drift has led to unique allele frequencies not shared by the other populations in this study. In those ponds, having little or no admixture, there is the potential to become sources of future stocking and reservoirs of ancient/native crucian carp populations. In contrast, the populations in U1P, SK1P and SK3P were conspicuously mixed in terms of population structure and are therefore not likely to comprise only one, original, population. They may have been re-stocked several times with fish caught from different populations, or with fish from other ponds. Indeed, historic notes of medieval aquaculture suggest that wild fish were caught and put into ponds for later use . The populations from two ponds in the province of Ö stergötland showed very different structures and were not closely related to the population genetic tree. Some individuals in each population belonged to several clusters according to STRUCTURE, indicating that they were admixed. The populations in Ö G2P seemed to be closely related to the coastal population from the province Uppland, U7W. These two populations also shared some population clusters. It is therefore possible that the Ö G2P pond has been stocked with fish from the coast of the Baltic Sea.
The two sampling sites Ö 1P and the small creek near Kalmar S2W are separated by Kalmar Strait and could thus have a source population in common. Indeed, the population genetic tree showed a well-supported cluster of these two populations. The other sampled population from Kalmar Strait, S1W, did not belong to this cluster. However, the STRUCTURE analysis indicated that they shared population clusters with each other.
All populations from Scania and from the pond S3P in Småland uniquely belonged to the same neighbour-joining cluster. In all other populations, there was little or no correlation with the geographic location. This suggests that the fish used for stocking ponds came from the same source in Scania and were more diverse in the other provinces. Judging from available sources, the pond farming of crucian carp in Scania may have been established well before it became common in Uppland (Hofmeister 2004; Svanberg et al. 2012) . Scania was until 1658 a province of Denmark, and the fish in these ponds might In Scania, the populations from the lake and the ponds were part of the same neighbourjoining cluster, well supported by bootstrap analysis. This suggests that ponds were stocked with wild fish caught in nearby waters or that fish has been released from ponds into lakes. The wild populations on the other hand could be feral fish spread from the first man-made ponds in the late middle ages. This could be indicated by the small differences in allelic richness between wild and pond fish. If the wild fish were naturally colonised, one would expect a higher degree of allelic richness in these populations. The expected heterozygosity should also be higher in the wild population, but this was not the case if compared to some of the pond populations. Whether the fish has been moved to or from the lake requires further investigations with a larger number of populations included.
Even though it was a weak association between populations U5P and G1P in both genetic distance and population structure, it suggests that there has been some contact between these populations. A stronger association was on the other hand seen among the populations in Scania, especially the ponds SK4P and SK5P that are located quite far from each other (close to 70 km) and yet share a common population cluster as suggested by the STRUCTURE analysis. One possibility is that land owners shared their crucian carp populations with each other and therefore are populations spread over larger distances than would be the case if they have been spread naturally.
In conclusion, this is the first study of population genetics of crucian carp in Sweden and it shows that there are candidates for old populations present in historic ponds. These populations can be of great value should the aquaculture of crucian carp be re-introduced in Sweden.
